Abstract-At the CdTe/CdS interface, a significant Te-S interdiffusion has been found a few nanometers into the CdTe grain interiors with scanning transmission electron microscopy (STEM) and electron energy loss spectroscopy. This interdiffusion happens on both as-grown and CdCl 2 -treated CdTe. S substitution at Te sites has been directly resolved in CdTe with STEM Z-contrast images, which further confirms the S diffusion into CdTe grain interiors. Moreover, when a sufficient amount of S substitutes for Te, a structural transformation from zinc-blende to wurtzite has been observed. In the CdCl 2 -treated CdTe, Cl segregation has also been found at the interface. STEM electron-beam-induced current shows that the p-n junction occurs a few namometers into the CdTe grains, which is consistent with the S diffusion range we observe. The shift of the p-n junction suggests a buried homojunction which would help reduce nonradiative recombination at the junction. Meanwhile, long-range S diffusion in CdTe grain boundaries (GBs) has been detected, as has Te and Cl diffusion in CdS GBs.
direct band gap (ß1.48 eV), easy fabrication, and low cost [2] . For a high-efficiency CdTe solar cell, a roughly 100-nm-thick CdS layer is typically used as the window layer. The p-type CdTe and the n-type CdS layers are used as foundational units to form a p-n junction, where the electron and hole carriers can be separated. Therefore, the CdTe/CdS interface is a critical factor in a high-efficiency solar cell.
There has been much research into the structure and elemental diffusion at the CdTe/CdS interface [3] [4] [5] [6] [7] . Using secondary ion mass spectrometry (SIMS), Metzger et al. have shown that the postgrowth CdCl 2 heat treatment increases S diffusion into the CdTe layer, which has been linked to better device performance [3] . However, also using SIMS, Dhere et al. have not observed significant difference in the S diffusion before and after the CdCl 2 treatment in high temperature (600°C) CSS grown CdTe, both of which show thick (300-500 nm) CdS x Te 1-x layers [8] . Using X-ray diffraction (XRD), Moutinho et al. reported that a new lattice constant arises after the postgrowth CdCl 2 treatment in physical vapor deposition grown CdTe, which again suggests the formation of a CdS x Te 1-x layer. Whereas, no new lattice constant was found in CSS grown CdTe, indicating that no CdS x Te 1-x is formed [6] , which is different from the SIMS results. Both SIMS and XRD integrate the elemental distribution from the entire solar cells. Therefore, any localized information is lost, which might be the cause of the inconsistent results. Moreover, S diffusion rates at interfaces and grain boundaries (GBs) are different [9] . Hence, comprehensive-localized diffusion analyses are required on the interface and GBs separately.
Analytical electron microscopy is an ideal tool for investigating the local elemental distribution due to its high spatial resolution. Terheggen et al. have used transmission electron microscopy (TEM) with energy dispersive X-ray (EDX) elemental analysis to observe the CdS x Te 1-x layer (ß200 nm) on both high-vacuum evaporation and CSS CdTe [5] . However, even for high spatial resolution TEM, the roughness of the CdTe/CdS interface is an issue for an accurate diffusion study. Usually the thickness of the CdS layer is not uniform, especially after the CdCl 2 treatment [5] . An example is shown in the scanning transmission electron microscopy (STEM) high angle annular dark field (HAADF) image in Fig. 1(a) . Clearly, the CdTe/CdS interface is not smooth. In the center of Fig. 1(a) , CdTe is even in direct contact with the fluorine-doped tin oxide (FTO), which is also curved, and overlaps the CdS [see Fig. 1(b) ]. This can reduce the cell efficiency by reducing the V oc [10] . For the localized diffusion analysis, integration of the roughness along the interface from the top to bottom in Fig. 1(a) can be avoided by examining a narrow area across the interface. However, the roughness perpendicular with the sample surface (along the beam direction) is not obvious in a TEM image, as it is a 2-D projection of the whole specimen. This problem can be avoided by using a through focal series in STEM, which images the specimen at different depths with different focus values. Fig. 1(c1 ) and (c2) shows ADF and bright field (BF) images on a "sharp looking" CdTe/CdS interface (marked by red arrows). However, when we change the focus by 40 nm, the ADF [see In this research, this STEM through-focal series technique is used for hunting areas of interfaces and GBs that are parallel to the beam. Then, with electron energy loss spectroscopy (EELS) and EDX, we could investigate the localized elemental diffusion in both interfaces and GBs. We still observe significant S-Te interdiffusion within a few nanometers range into the CdTe grain interiors at the CdTe/CdS interface. There is no obvious difference in this diffusion before and after the CdCl 2 treatment. In the CdCl 2 -treated CdTe, we also detect Cl segregation at the interface. Moreover, we have found that S atoms segregate at Te sites near the interface, and can form a wurtzite structure. This result confirms that S atoms have diffused into CdTe in the nanorange. STEM-EBIC suggests that the p-n junction is inside the CdTe, a few nanometers away from the interface. Meanwhile, long-range Te and S diffusion has also been detected along the GBs in CdS and CdTe, respectively. Cl diffusion has been found along the GBs in both CdTe and CdS.
II. EXPERIMENTAL DETAILS
CdTe solar cells were fabricated in the following steps. First, oxygenated CdS window layers with ß100-nm thickness were deposited via R. F. sputtering on commercial SnO 2 :F-coated soda lime glass substrates. Then, polycrystalline CdTe films of ß4-μm thickness were grown by CSS in helium ambient with 0.5% oxygen mixture at ß607°C. Both as grown and CdCl 2 -treated CdTe have been investigated. The CdCl 2 heat treatment was performed at 390°C for 30 min in a dry air ambient. The detailed information of sample growth processes has been reported elsewhere [11] . Traditional polishing and argon ion milling were used to prepare STEM specimens at liquid nitrogen temperatures. Atomic resolution STEM images and EELS results were obtained with a Nion UltraSTEM 200 microscope [12] , [13] , which is equipped with a Gatan Enfinium EEL spectrometer. 
III. RESULTS AND DISCUSSION

A. Nanorange S-Te Interdiffusion Within Grains
STEM through-focal series have been used to hunt sharp CdTe/CdS interface areas, where EELS spectrum imaging was performed. Fig. 2 A lot of information can be gained from this set of EELS profiles. The elemental profile in Fig. 2 (a) was taken from asgrown CdTe. The CdTe side has been tilted to the [1 1 0] zone axis, whereas the CdS is not in any major zone. The result shows that a significant Te-S interdiffusion has occurred in a ß5-nm region across the interface (between the two black dashed lines). There might be low quantities of S and Te further into the CdTe and CdS grains, respectively. However, it is clear that the most significant Te-S interdiffusion happens in a nanoscale range, forming a thin CdS x Te 1-x layer. This layer locates mostly inside CdTe near the interface, which is probably due to the different diffusion coefficients of S and Te. The thermochemical and kinetic study by McCandless et al. [14] , [15] shows that S diffuses in CdTe more easily than Te diffusion in CdS below 625°C. Note that this nanoscale interdiffusion is not caused by the beam broadening effect, as the EELS simulation in supplemental Figure S5 of our previous publication [16] has revealed that the beam spreading size is ß0.5 nm with the same sample and microscopy condition. In the same paper [16] , the experimental EELS results also show very localized Cl signal in a 1.5-nm range at GBs. Both theory and experiment prove that the beam broadening effect is much smaller than the diffusion length we observed at these interfaces. Moreover, if the interdiffusion EELS profiles were caused by beam broadening instead of elemental diffusion, the center of the "beam broadening range" should be at the interface [17] . In our result, the interdiffusion area is mostly inside CdTe due to the asymmetric diffusion coefficients. This is another proof that this nanorange interdiffusion is a real phenomenon.
Another issue which might affect the EELS result is the different channeling at CdTe and CdS, since only CdTe is in a major zone axis in Fig. 2(a) . Therefore, the elemental distribution was also acquired on an interface where neither CdTe nor CdS was in a major zone axis, as shown in Fig. 2(b) . The EELS profiles in Fig. 2(b) are very similar to Fig. 2(a) , S-Te interdiffusion occurs in a ß12-nm range near the interface, mostly in CdTe. This indicates that the nanorange S-Te diffusion result is not caused by the channeling effect either.
As a comparison with the as-grown CdTe, the diffusion in CdCl 2 -treated CdTe has also been studied, as shown in Fig. 2 Fig. 2(c) is in [1 1 0] zone, whereas the CdTe in Fig. 2(d) is in [1 1 0] zone. Both of the results are consistent with the results from as-grown CdTe, which indicates that this interdiffusion takes place during the high temperature deposition of the CdTe films. This is consistent with Dhere's result [8] . McCandless's results also suggest that at 625-°C growth temperature, CdCl 2 and O 2 only play a pure kinetic role [14] .
(c)-(d). The CdS in
Lastly, there appears to be a slight Cl enrichment at the interface in the CdCl 2 -treated sample. The Cl enrichment at the interface is more obvious in low magnification STEM-EELS maps in Fig. 3 and STEM-EDX maps in Fig. 4 . The STEM-EDX maps (see Fig. 4 ) also show Cl enrichment and Te decrease at GBs in CdTe, which is consistent with our previous research [16] . 
B. Directly Imaging S Atoms on Te Sites Near the Interface
The STEM HAADF image is sensitive to the atomic number Z. Therefore, it is also called a Z-contrast image. As Te is slightly heavier than Cd (the atomic numbers Z T e = 52, Z C d = 48), we can determine the polarity of Cd-Te dumbbells according to the intensities in Z-contrast images [16] , [18] , [19] . The Z-contrast image in Fig. 5(a) shows the structure of a CdTe/CdS interface, with the CdTe grain tilted to the [1 1 0] zone axis. The small blue and large yellow circles indicate the Cd and Te columns, respectively. The image intensity of the six Cd-Te dumbbells along the yellow arrow is plotted in Fig. 5(b) . A gradual intensity decrease on the Te columns can be seen in the last three CdTe dumbbells within ß2 nm of the CdTe/CdS interface. This is likely a universal result as it has been found at many other interface areas. The doping of light elements or the existence of vacancies can both cause an intensity decrease of the Te columns. Considering the S diffusion trace we observed via EELS in Fig. 2 , the intensity decrease of Te sites in this nanoscale layer should presumably come from the gradual substitution of S for Te atoms. Although the composition of this nanoscale layer near the interface has changed from CdTe to CdS x Te 1-x , its lattice spacing still remains that of the CdTe grain, i.e., an epitaxial relationship, although it has an incoherent lattice relationship with the CdS buffer layer and forms interface dislocations.
We have also directly observed S atoms at Te sites near some precipitates at the CdTe/CdS interface. The low-magnification Z-contrast image in Fig. 6(a) shows a large area of the CdTe/CdS interface, with a dark triangular feature between the CdTe and CdS grains (marked by a yellow circle). Either reduced thickness or lighter material can cause weaker signal on this area. It has been reported that there are voids at both GBs and CdTe/CdS interfaces [20] , [21] . However, a crystalline lattice structure has been observed inside this darker-contrast area in a higher magnification Z-contrast image [see Fig. 6(b) ], indicating it is not a void. Fig. 6(c) shows the BF image on the area marked by the white-dashed box in Fig. 6(b) , and its corresponding fast Fourier transform (FFT) pattern is shown in Fig. 6(d) . EELS on this area shows that the presence of Cd, Te, S, O, and Cl, and the quantification result indicates the rough compositions are 14% S, 3% Cl, 18% Cd, 64% O, and 1% Te. By comparing the experimental FFT pattern with the simulated diffraction patterns of various compounds containing S, Cl, Cd, O or Te, we found the only diffraction pattern that matched is monoclinic CdSO 3 in the [41 2] zone axis. The ratio of Cd:S:O from the EELS quantification is also close to 1:1:3, which confirmed that this area with darker contrast at CdTe/CdS interface is a CdSO 3 precipitate. The O should come from the O 2 in the ambient gas during the growth of CdS or CdTe. The low amounts of Te and Cl might come from the surrounding material or impurities within the precipitate. The electrical role of the CdSO 3 precipitate is not yet clear. Fig. 7(a) is a high-magnification Z-contrast image showing the atomic structure of CdTe near the CdSO 3 precipitate. Again, we determine the polarity of the Cd-Te dumbbells according to the intensity in the Z-contrast image. The small blue and large yellow circles indicate Cd and Te columns, respectively. In the CdTe surrounding the CdSO 3 precipitate, we observed that the intensities of the Te columns reduced significantly. Along the blue-dashed arrow, the intensities of the Cd columns were uniform [blue curve in Fig. 7(b) ], which indicates a constant thickness. However, the intensities of the corresponding Te sites along the orange arrow in Fig. 7 (a) decrease gradually [orange curve in Fig. 7(b) ]. Since there is no thickness change, the intensity decrease of the Te columns must be due to the presence of vacancies or light elements, which is shown to be S atoms via EELS. The gradually decreasing intensities of the Te sites can be explained by the increasing proportion of S near the interface. Moreover, when there is enough S, the atomic structure of the CdS x Te 1-x layer transforms from zinc-blende to wurtzite [see Fig. 7(c) ]. The blue solid and orange-dashed circles indicate Cd and Te/S columns, respectively. The zigzag dumbbell orientation clearly demonstrates a wurtzite structure, different from the normal zinc-blende CdTe. This structure transition is probably because the wurtzite structure is more energetically favored for CdS. This structure transition has only been found near CdSO 3 precipitates close to the interface.
The photovoltaic impact of the nanoscale CdS x Te 1-x layer caused by S diffusion will be discussed in Section III-F.
C. S and Cl Diffusion Along the Grain Boundaries in CdTe
Besides the nanorange S diffusion within CdTe grains, we have also observed S and Cl diffusion along the GBs. The STEM-EDX maps in Fig. 8 show that S and Cl enrich, while Te reduces at the GB. Cd also slightly reduces at the GB. The nonuniform composition of Cd, Te, and S in different grains relate to channeling effects, as only the grain in the lower side is in a major zone axis; therefore, it shows stronger signal in Cd, Te, and S maps. The electrical effect of the Cl substitution for Te has been explained in our previous paper [16] .
D. Precipitates
Stronger S enrichment has been found at the precipitates along the GBs, as shown in Fig. 9 . STEM-EDX maps show clear S, Cl, and O enrichment and Te reduction in a precipitate along the GB. Cd shows slight enrichment. The GB near this precipitate also shows clear Cl enrichment as well as Te reduction. The S signal is stronger than the Cl signal in the precipitate, but much weaker in the GBs, which indicates the concentration of S is less than that of Cl at the GBs. An O signal has only been detected at the precipitate. These results were confirmed by STEM-EELS relative composition maps in Fig. 10 , which show another precipitate at the GBs. The Cl EELS signal is hard to detect in the precipitate, probably because the Cl concentration is lower than the EELS detection limit. O and S enrichments are also detected, similar to the EDX maps in Fig. 9 . The relative composition of Cd and Te reduce significantly. The EELS quantification result gives a composition from the precipitate of 18% Cd, 18% Te, 5% Cl, 12% S, and 47% O, which again may include contributions from some CdTe regions above or below the precipitate. Fig. 11(a) shows a STEM-BF image on the same precipitate in Fig. 10 . The corresponding FFT pattern in Fig. 11(b) indicates that the structure of the precipitate is monoclinic CdSO 3 , the same structure as the oxide precipitate at the CdTe/CdS interface in Fig. 6 .
The formation of the CdSO 3 precipitates at GBs is further evidence of the diffusion of S along GBs and should relate to the presence of oxygen during synthesis. Their photovoltaic impact needs further study.
E. Te and Cl Diffusion Along the Grain Boundaries in CdS
Chemical diffusion along the GBs in CdS layers has also been studied. Fig. 12(a) shows a sharp GB between two CdS grains. A higher magnification image in Fig. 12(b) reveals the atomic structure of this GB. The Cd and S columns are marked with large blue and small orange circles, respectively, which show typical wurtzite CdS structure. There are some interstitial columns beside the CdS lattice. A through-focal series of images suggests that this GB is almost parallel to the beam direction. Therefore, the interstitial columns should not come from overlap between the two grains. The measured misorientation angle between the two grains is about 90°, as indicated by the direction indexes (white arrows). Periodic dislocation cores have been found along the GB (white rhombi), and the core structure has been determined as shown in the top dislocation core. In single crystal CdS, the Cd-S dumbbells have two different orientations. One of the dumbbell orientations in the left grain is coincident with one of the dumbbell orientations in the right grain, which is close to the upright direction in the image. At the GB plane, the Cd-S dumbbells along the same orientation over- lap. The Cd-S dumbbells along different orientations in the two grains meet at S columns in the GB plane and form Cd-S-Cd bonds. The Cd column at the right side of this Cd-S-Cd bond is weaker than normal Cd columns, which suggests it may be a partially occupied Cd column. This is probably because 1) the S columns in the GB plane could not bond with two full nearby Cd columns and because 2) the spacing is insufficient for the Cd-S-Cd structure after the two Cd-S dumbbells join together.
The elemental distribution across this GB has been studied with EELS. Fig. 12(c) and (d) shows the relative composition profiles of Cd, S, Te, and Cl. Cd and S decrease, while Te and Cl are enriched at the GB. Moreover, the reduction of Cd and S extends over a ß20-nm wide region near the GB, as does the Cl enrichment. However, the enrichment of Te only happens in a very confined (ß2-nm wide) area around the GB. Combining the information from the Z-contrast images and EELS profiles, possible conclusions can be proposed. EELS shows Cl but no Te ß1 nm away from the GB plane. Therefore, the interstitial columns inside the CdS lattice in Fig. 12(b) are likely to be Cl. Te substitutes for S in a confined area (ß2-nm wide) near the GB plane. Cl might substitute for S as well as dope in interstitial sites in the ß20-nm range near the GB. The decrease of Cd relative composition might be due to the existence of extra interstitial Cl atoms.
F. Identifying the Position of p-n Junctions With Scanning Transmission Electron Microscopy-Electron-Beam-Induced Current
EBIC is an ideal method to study the photovoltaic behavior of solar cells in short-circuit conditions [22] , [23] . EBIC in an electron probe micro analyzer [24] and a scanning electron microscope (SEM) [8] has been used to detect the location of the homojunction in CdTe/CdS solar cells. The spatial resolution of EBIC can be optimized by using an aberration-corrected electron beam and electron transparent specimen, which enables a beam size of less than 1 nm in high-current mode (300 pA, 200 kV). Therefore, a STEM EBIC system has been designed to study the photovoltaic properties of the CdTe/CdS interface with high precision. The Z-contrast image in Fig. 13(a) shows the CdS/CdTe interface. An EBIC map was taken simultaneously in the same area, as shown in Fig. 13(b) . Clearly, the CdS layer generates very little EBIC current, and therefore, is mostly not photoactive. A line profile of the EBIC current across the CdS/CdTe interface can be seen in Fig. 13(c) . The EBIC line profile clearly has an exponential shape in the CdS layer, which becomes flatter in the CdTe layer. For crosssectional EBIC, the EBIC current maximum typically occurs at the region with the highest internal electric field as defined by the p-n junction space charge region (SCR) and decays exponentially away from the p-n junction SCR, as shown in (1) [25] . The distance and EBIC intensity are indicated by x and f (x), respectively, and L h is the minority carrier diffusion length
This model is not very accurate for measuring the diffusion length of holes for such a thin specimen due to surface recombination effects; however, it is clear that the EBIC maximum occurs within the CdTe layer. This suggests that the SCR center is located within the CdTe layer. For this to be true, several nanometers of the CdTe layer close to the interface must be n-type, which is consistent with the size of the nanoscale CdS x Te 1-x layer. The position of the p-n junction has been pushed a few nanometers inside the CdTe grains, which is likely to locate at the interface between the CdTe and the nanoscale CdS x Te 1-x layers. The CdS x Te 1-x layer becomes an n-type semiconductor probably due to the S diffusion along with Cl segregation at the interface [8] , [16] .
As shown in Fig. 5(a) , there are no dislocations at the interface between the nanoscale CdS x Te 1-x layer and CdTe grain. It is commonly observed that CdTe grains grow on CdS incoherently, with high density of dislocations at the CdTe/CdS interface. Without passivation, the intrinsic dislocations are likely to cause nonradiative recombination of carriers, which will decrease the carrier collection efficiency. However, the shift of the p-n junction forms a homojunction inside the CdTe, which reduces nonradiative recombination and, therefore, leads to better carrier collection efficiency.
IV. CONCLUSION
Localized elemental diffusions have been investigated on CdTe/CdS interface and GBs, using STEM, EELS, and EDX. Significant Te-S interdiffusion has been found a few nanometers into the CdTe grain interiors at the CdTe/CdS interfaces, which has not been reported before. This interdiffusion is identical regardless if CdCl 2 postgrowth treatment is performed. In the CdCl 2 -treated CdTe, Cl segregates at the CdTe/CdS interface. S substitution at Te sites in CdTe has also been directly resolved via STEM Z-contrast images for the first time. Moreover, a transformation from the zinc-blende to the wurtzite structure has been observed above a certain concentration of S. STEM-EBIC has a much higher spatial resolution than the usual SEM-EBIC and shows that the p-n junction occurs ß10 nm inside the CdTe grains, which is consistent with the S diffusion distance. Meanwhile, long-range Te and S diffusion has also been detected along the GBs in CdS and CdTe, respectively.
